The increasing incidence of diabetes and the need to further understand its cellular basis has resulted in the development of new diagnostic and therapeutic techniques. Nonetheless, the quest to noninvasively ascertain β-cell mass and function has not been achieved. Manganese (Mn)-enhanced MRI is presented here as a tool to image β-cell functionality in cell culture and isolated islets. Similar to calcium, extracellular Mn was taken up by glucose-activated β-cells resulting in 200% increase in MRI contrast enhancement, versus nonactivated cells. Similarly, glucose-activated islets showed an increase in MRI contrast up to 45%. Although glucose-stimulated Ca influx was depressed in the presence of 100 µM Mn, no significant effect was seen at lower Mn concentrations. Moreover, islets exposed to Mn showed normal glucose sensitivity and insulin secretion. These results demonstrate a link between image contrast enhancement and β-cell activation in vitro, and provide the basis for future noninvasive in vivo imaging of islet functionality and β-cell mass.
INTRODUCTION
terms of insulin secretion, and the pertinent fuel hypothesis (28) has been put forward as a descriptive model. Briefly, insulin release is associated with β-cell activa-It would be desirable to have a technology to image functional β-cell mass for the evaluation of diabetes, tion in response to a rise in extracellular glucose. Subsequent to glucose detection, ATP-sensitive K + channels pancreas, or islet transplantation. Such a measurement would not only allow for following β-cell mass in the close (2) followed by the opening of voltage-gated Ltype Ca 2+ channels, affecting Ca 2+ influx that mediates natural course of diabetes, but also to monitor any intervention aiming at preserving or increasing it. As recently insulin secretion from the cell (22, 37, 43) . Unfortunately, this intracellular cascade cannot be directly followed by presented at an NIH workshop on β-cell imaging (33) , a number of techniques have been studied for noninvasive standard MRI techniques. In order to take advantage of the noninvasive nature of MRI, manganese (Mn) was monitoring or imaging of β-cell function, including, but not limited to, bioluminescent imaging of transplanted investigated as a suitable MR-sensitive reporter of β-cell function. islets (19, 20, 27) , positron emission tomography (PET) (41, 42) , and nuclear magnetic resonance (31) (32) (33) . Here
Mn has an ionic radius close to that of calcium, and is handled similarly in many biological systems (18) . we focus on magnetic resonance imaging (MRI) techniques, which can detect intracellular processes and link Divalent manganese ions (Mn 2+ ) can enter cells through voltage-gated calcium channels (8) and are known to imaging technology to biochemical reactions.
Simplistically, β-cell function can be described in enter β-cells by this mechanism. Like Ca 2+ , Mn 2+ is 196 GIMI ET AL. stored in mitochondria and secretory granules (39) and CaCl 2 concentrations. D-Glucose and MnCl 2 solutions were added as specified in each experiment. All chemi-has been used as a tool to better understand Ca 2+ pathways in pancreatic cells (10, 38, 39) . Mn is also an excel-cals were from Sigma (St. Louis, MO). lent NMR contrast agent due to its T 1 relaxation proper-Islet Imaging. Complete RPMI-1640 was suppleties (1, 21, 29, 30, 44) and was used as the first MRI mented with D-glucose and MnCl 2 per experiment. contrast agent by Lauterbur and coworkers (24). Early Islet Static Incubation. Modified Krebs-Ringer buffer work in MRI contrast agent targeting utilized liposomes containing 0.5% bovine serum albumin was used and to deliver Mn to the liver (4) and more recently Mn 2+ supplemented with CaCl 2 , MnCl 2 , and D-glucose as speciwas used to detect active regions of the brain (26) and
fied. heart (17) . This ability of Mn 2+ to visualize cell activity indicates that it maybe a useful agent for sensitizing Uptake of Mn by βTC3 Cells MRI to calcium influx in the pancreas and therefore im-βTC3 cells were grown to 70% confluence in 75-cm 2 aging β-cell function.
flasks, rinsed several times with PBS, and incubated for Although MRI is a noninvasive technique, mecha-2 h in DMEM media with 0.1 mM glucose to establish nisms to increase its sensitivity are required to obtain basal insulin secretion (16). meaningful functional data from small volumes. Recently we have demonstrated that microfabricated radio and then harvested with 1% trypsin. The samples were pancreatic islets (12). Here we present data that demonresuspended in 250 µl of DI water, sonicated, and centristrate the development of a technique combining the fuged at 100,000 × g using a Beckman Ti-50 rotor and noninvasive high-resolution characteristics of MRI and the supernatant imaged. the ability to directly measure β-cell function.
Condition II: Concentration-Dependent Mn Uptake (Fig. 4) . Cells were exposed for 30 min to DMEM with MATERIALS AND METHODS 2.5, 25, and 100 µM MnCl 2 and prepared for imaging Animals as described above. Resulting Mn concentrations were Male 8-week-old FVB mice and 250 g male Lewis normalized to the protein concentration (OD) of each rats (pancreatic islet donors) were housed in the UIC sample prior to ultracentrifugation. The supernatant was Biological Resource Laboratory and had access to water analyzed by atomic absorption spectroscopy (Illinois State and food ad libitum. All surgical procedures were per-Water Facility, University of Illinois, Urbana-Champaign). formed in accordance with the NIH Animal Care Guidelines.
Pancreatic Islet Isolation
Pancreatic islets were isolated using standard proce-Cell and Islet Culture Conditions dures (3, 36) with minor modifications. Donor animals Mouse insulinoma βTC3 cells (K m = 0.24 ± 0.03 mM were anesthetized, a midline abdominal incision was glucose) were obtained from the laboratory of Dr. Shimade, and Collagenase P (Roche Diagnostics, Indianapmon Efrat, Albert Einstein College of Medicine, Bronx, olis, IN) (mice: 2.5 ml of 0.8 mg/ml; rats: 10 ml of 0.8 NY (11) and were cultured in DMEM supplemented mg/ml) was injected through the bile duct. The pancreas with 10% fetal bovine serum (FBS) (Mediatech, Hernwas removed and islets were isolated through mechanidon, VA) and 1% penicillin/streptomycin (Mediatech, cal and enzymatic action, and purified by density gradi-Herndon, VA). Cells were passed every 5-10 days. Isoent centrifugation (3). lated pancreatic islets were cultured in RPMI-1640 media (Mediatech, Herndon, VA) supplemented with 10% Islet Insulin Secretion FBS, 2 mM L-glutamine, 100 IU/ml penicillin, and 100
Islet secretory response in the presence of Mn was mg/ml streptomycin. Islets were maintained at 37°C in scored by stimulation index (ratio of insulin release in a humidified 5% CO 2 /95% air atmosphere.
high glucose vs. low glucose). Groups of five sets of five islets each were incubated at 37°C in modified Krebs-
Media Preparations
Ringer buffer (KRB) supplemented with 100 nM Exendin-4 at 1.67 mM glucose and 0, 2.5, 25, or 100 µM βTC3. DMEM media requiring altered levels of calcium and glucose were reconstituted from 10× stock so-Mn for 90 min. Supernatants were collected and islets resuspended in KRB as specified above at 16.7 mM glu-lutions as described in Grampp et al. (16) . In all media, cation balance was maintained by balancing MnCl 2 with cose for 90 min. Supernatants and aliquots of both frac-tions were tested for insulin content via ELISA (Mer-posed to either 5 or 16.7 mM glucose CMRL with 0, 2.5, 25, or 100 µM Mn for 30 min. Islets were rinsed codia, Upsala, Sweden). three times in Mn-free CMRL, loaded into capillaries,
Measurement of [Ca 2+ ] i
and mounted in pairs of unstimulated (control) and glu-Dual-wavelength excitation microspectrophotometry cose-stimulated islets for imaging (128 × 64, TR = 400 was used to measure [Ca 2+ ] i as described previously ms, TE = 7.2 ms, NA = 64). ParaVision imaging soft- (23) . Briefly, isolated islets were loaded with Fura-2 by ware (Bruker version 2.1.1) was used to acquire and rea 25-min incubation at 37°C in KRB containing basal 2 construct all images. mM glucose and 5 µM Fura 2-AM (Molecular Probes, Statistics Eugene, OR). Fluorescence imaging was performed using a charged-coupled device (CCD) camera-based im-
The mean and SD are represented unless otherwise aging system (Hamamatsu, Hamamatsu City, Japan) and noted. MetaFluor software (Universal Imaging, Downingtown, RESULTS PA). During imaging experiments, islets were kept at 37°C and perifused with KRB solution with 0, 2.5, 25, Uptake of Mn 2+ by Activated β-Cells or 100 µM Mn at 2 and 14 mM glucose and flow rate
To verify that β-cells activated in the presence of Mn was 2.5 ml/min. [Ca 2+ ] i was expressed as the ratio of will take up Mn 2+ and demonstrate enhanced MRI confluorescence intensity at excitation wavelengths 340 and trast, cytosolic extracts from activated βTC3 cells were 380 nm (F340/F380).
imaged. Cytosolic extracts were analyzed for T 1 weighted contrast and compared with PBS as a signal reference.
Atomic Absorption
A representative image is illustrated in Figure 1 and the Samples were analyzed for Mn using graphite furcontrast enhancement is quantitated as the signal-tonace atomic absorption spectroscopy on a Spectra 220Z noise ratio (SNR) compared to PBS. The difference in spectrometer and a GTA 110Z atomizer, manufactured the SNR among the samples is clearly visible, with the by Varian, Inc. (Palo Alto, CA). Peak area, measurement Mn-free PBS having the lowest SNR (100 ± 2.66) and mode, paladium modifier, and Zeeman background corappears dark. The other regions define samples containrection were used.
ing β-cells that were exposed to 200 µM Mn and either low or high glucose. The contrast enhancement in un-Dithizone Staining stimulated cells (106 ± 3.82) was similar to PBS while Dithizone (Sigma, St. Louis, MO) was dissolved in 5 the stimulated samples had an activation-dependent inml DMSO and PBS was added up to 50 ml final volume.
crease. When cells were stimulated with 5 mM glucose The solution was filtered and placed directly on the isfor 30 min, a SNR increase of 50% (147 ± 3.29) resulted. lets.
This SNR increase over PBS was more than doubled (211 ± 5.22) when the cells were stimulated for 60 min.
NMR Setup and Imaging Acquisition
This phenomenon was consistent, as indicated by the Experiments were conducted at 500 MHz in a 56tight intrasample data distribution. mm vertical bore 11.74 T magnet (Oxford Instruments, Oxford, UK) using a Bruker DRX-500 MHz Avance Mn 2+ -Enhanced MR Imaging of Isolated Spectrometer (Bruker Instruments, Billerica, MA) and
Pancreatic Islets Micro5 microimaging probe, with 200 Gauss/cm maxi-Although genetically engineered β-cells may be a mum gradients.
clinically viable source of insulin-secreting cells, the Extracts. Intracellular βTC3 extracts were loaded current clinical focus is primarily on isolated pancreatic into capillaries and placed in a larger capillary filled islets. Due to the small size of islets, the application of with PBS. Images were acquired using a Bruker 1-cm Mn-enhanced MRI to these islets requires high spatial saddle coil with a repetition time (TR) of 500 ms, echo resolution. Figure 2 illustrates a representative image of time (TE) of 7.2 ms, and an image matrix of 128 × 128. a single rodent islet with an in-plane resolution of 14 × Single Islets. Mouse islets were loaded into a capil-14 µm. This resolution allows isolation of a single islet lary (ID 500 µm) with appropriate media and mounted from a collection and therefore the possibility to quanticentrally on a spiral microcoil with an inner diameter of tate single islet activation. Mn-enhanced contrast activa-750 µm (12). Spin-echo acquisition parameters were TR = tion of isolated rat islets was investigated using control 1200 ms and TE = 11.56 ms and matrix of 128 × 128. and glucose-stimulated islets. Groups of islets were suspended in capillary tubes and imaged as shown in Figure  Activated Islet Imaging. Islets were individually selected in groups of 10 and were incubated in complete 3a. The pattern of dispersion within the capillary allows single islet SNR to be measured. Glucose stimulated is-CMRL 1066 (5 mM glucose) for 30 min and then ex- Mn uptake, atomic absorption spectroscopy was used to obtained with Mn levels of 25 µM. When Mn was inquantify Mn concentration in cytosolic extracts from glucose activated βTC3 cells. Low levels of Mn were used to complement the islet activation results illustrated in Figure 3 . The results obtained are illustrated in Figure  4 and indicate that given a similar level of activation (5 mM glucose) intracellular Mn (Mn i ) increases with increasing extracellular Mn (Mn o ). In order to control for cell number, Mn concentrations were referenced to the optical density as a measure of cell number within the sample. A 10× increase in Mn o (2.5 to 25 µM) resulted in a 300% increase in Mn i , whereas a further 4× increase (25 to 100 µM) resulted in only a 20% increase in intracellular Mn. These data reveal a nonlinear increase in Mn uptake following glucose activation that appears to plateau at higher levels of Mn. Possible interference in Ca uptake by Mn was investigated in glucose-activated isolated rat islets by imaging Mn quenching of the Fura-2 fluorescence at Ca 2+ -sensitive wavelength. No significant effects on were observed at 2.5 µM. The influx showed a minor time delay when 25 µM Mn o was present, coupled to about a 30% de- Because Ca influx induces insulin release, static glu- Stimulation indices obtained from all groups were not commensurate with activation (data not shown). These data further support the presumption that islets retain significantly different (p > 0.05), even for the group treated with 100 µM Mn, indicating that Mn treatment insulin response in the presence of Mn and that Mn is a suitable enhancer for MR imaging of islet function. was not toxic at the concentrations used. Morphological
DISCUSSION
Our results suggest that Mn-enhanced MRI combined with high-resolution microimaging of individual pancreatic islets could become a novel method for noninvasive assessment of pancreatic beta cell function. We confirm that β-cells take up Mn 2+ and when activated by glucose demonstrate an increase of 200% in MR image contrast. MR images of isolated islets can be sensitized to β-cell function and therefore differentiate between activated and quiescent islets. Our results demonstrate that toxicity is not an issue as minimal Mn 2+ (2.5 µM) provided a 40% increase in contrast without affecting insulin pro- lar impact on T 1 weighted MR images of activated βcells. As predicted, activated β-cells demonstrated a ro-Manganese-enhanced MRI has found continuing and growing interest in recent years for studies of the heart bust increase in MR image contrast dependent on the presence of Mn and the duration of glucose stimulation. and the brain, including neuronal track tracing (17, 23, 25, 26, 35) . The similarity of activation cascades between There was a 39% increase in SNR following the initial Figure 6 . Insulin stimulation indices of rat islets exposed to Mn 2+ . Lewis rat islets were incubated in KRB supplemented with 100 nM Exendin-4 at 0, 2.5, 25, and 100 µM Mn and 1.67 mM glucose for 90 min, then activated in 16.7 mM glucose for an equal amount of time. Stimulation indicies were calculated as the ratio of insulin secreted in high-glucose versus low-glucose media (mean ± SEM; n = 5).
30 min of stimulation and another 44% increase after an betic mouse model to investigate insulin-dependent diabetes mellitus. Using the CLIO-Tat nanoparticles, mouse additional 30 min. These increases were reproducible and suggest the uptake and resulting T 1 relaxation effect lymphocytes were visualized infiltrating the diabetic pancreas. Labeling these cells is significant as the early is limiting at high concentrations and activation times.
Cation affinity for cell membranes is typically quite stages of type 1 diabetes could potentially be monitored providing insight for therapeutic regimens. Our approach strong and the contrast enhancement provided by the relaxation effect of Mn has been shown to increase in effi-presented here focuses on the direct measurement of islet activation with single islet spatial resolution. Figure  ciency with membrane binding (4) . Therefore, determining the cellular localization of Mn in the present studies 2 illustrates our success in obtaining single islet image resolution that is important in studying islet function and was crucial. The increase in β-cell image contrast with glucose stimulation (Fig. 1) was not associated with viability by MRI. This means that within a population of isolated islets, individual islets can be selectively im-membrane components as cells were washed prior to lysis and membranes removed by ultracentrifugation, in aged for morphology and for activation. It would also be beneficial to ascertain imaging conditions under which agreement with previous findings (39) . Therefore, the increase in image enhancement substantiates the link be-subislet physiology could be studied. For this technique to be useful to evaluate islet func-tween glucose activation, calcium and manganese uptake, and the subsequent release of insulin. The range of tion, it was critical to exclude a deleterious effect of Mn 2+ on insulin secretion. Several reports have described contrast enhancement provides the ability to differentiate levels of activation and, potentially, levels of insulin Mn toxicity ranging from 0.5 mM to as low as 0.1 mM for 4 days in cultured neuronal cells (5, 14, 29) . Transient secretion. The time-dependent increase in SNR ( Fig. 1 ) closely mimics the voltage-dependent entry and genera-negative effects of Mn on mouse pancreatic islets incubated for 60 min in 250 µM Mn were previously re-tion of slow calcium and manganese oscillations previously described in pancreatic β-cells (8) . Results shown ported (38) in which glucose oxidation rates decreased approximately 31% and both basal and stimulated insu-in the right panel of Figure 3 demonstrate an increase in contrast SNR with a decrease in Mn o during stimulation.
lin secretion were inhibited. However, no studies evaluated Mn toxicity to β-cells or islets at concentrations In fact, there is a dramatic increase in SNR when Mn o is decreased below 50 µM. To correlate this change in lower than 250 µM. Most biologically relevant extracellular ion concentrations are in the 1-2 mM range (e.g., image SNR with quantitated Mn uptake, βTC3 cells were examined. Figure 4 demonstrates that Mn influx Ca 2+ and Mg 2+ ) and therefore using µM Mn decreased the chance of inhibiting ion transport. This is supported is dependent on activation and Mn o concentration but saturates at high levels of Mn. Although Mn i increased by the work of Dryselius et al. (8) in which the voltagedependent entry and generation of slow calcium oscilla-threefold when Mn o increased from 2.5 to 25 µM, this increase was absent when Mn o was elevated to 100 µM.
tions in glucose-stimulated β-cells isolated from mouse islets were examined. In these studies, 50 and 100 µM Taken together, the magnitude of the decrease in SNR observed at Mn o concentrations between 25 and 50 µM Mn were used to monitor ion transport through the voltage gated calcium channel. Although Mn did affect the ( Fig. 3) could not be directly attributed to decreased Mn uptake ( Fig. 4) . Therefore, the decrease in SNR observed Fura-2 fluorescence, due to Mn acting as a quenching agent, it did not inhibit β-cell function and the response at high Mn may be a complex interaction between biological and NMR relaxation mechanisms differentially af-to glucose stimulation. The levels of Mn concentrations used here for MR islet imaging are equal to or less than fecting T 2 and T 1 relaxation as shown in other systems (1, 21, 44) . those described (8) and therefore are not inhibitory to islet function. Figure 5 supports these earlier studies and Although β-cells are the source of insulin production, in vivo they function as part of the islet syncytium. The demonstrates that normal glucose-induced changes in cytoplasmic Ca were detected at less than 100 µM Mn. communication between the cells of an intact islet is complex and requires synchronization of Ca 2+ -dependent At higher levels of Mn, calcium measurements by FURA are not reliable due to signal quenching (8) and was a events by such signaling molecules as IP3 and extracellular ATP (6, 9, 13, 45) . These initial insulinoma cell stud-factor in this study when 100 µM Mn was used. In this case, the glucose-stimulated calcium transient could not ies laid the groundwork for the more physiologically relevant islet experiments. Islets represent only 1-3% of be measured, although KCl depolarization was able to overcome the quenching effect (data not shown). In ad-pancreatic tissue, making imaging by conventional MR difficult (40) , although improvements in MRI techniques dition to these data, insulin release in the presence of Mn during static glucose incubation of islets did not ad-continue towards single cell spatial resolutions (7) . Cell labeling and MRI techniques have been successfully ap-versely affect insulin secretion (Fig. 6) . These data demonstrating preservation of insulin release are important plied to the pancreas by Moore potential tool for functional in vivo imaging of pancre-
